The coordination between genome duplication and faithful chro mosome segregation to daughter cells is an integral part of growth and reproduction, and it is essential to ensure genome stability and maintenance 1 . Deregulation of cell cycle control promotes genome instability and has been implicated in developmental abnormalities and numerous diseases, particularly cancer 2,3 . The accurate staging of cells in the cell cycle is pivotal for the elucida tion of cell cycle regulatory mechanisms, but it is also frequently used in studies addressing differences in cellular behavior during different cell cycle stages.
IntroDuctIon
The coordination between genome duplication and faithful chro mosome segregation to daughter cells is an integral part of growth and reproduction, and it is essential to ensure genome stability and maintenance 1 . Deregulation of cell cycle control promotes genome instability and has been implicated in developmental abnormalities and numerous diseases, particularly cancer 2, 3 . The accurate staging of cells in the cell cycle is pivotal for the elucida tion of cell cycle regulatory mechanisms, but it is also frequently used in studies addressing differences in cellular behavior during different cell cycle stages.
Cell cycle status and progression has traditionally been mea sured using populationbased methods such as flow cytometry 4 , which is generally not compatible with highresolution cell bio logical techniques and does not allow tracking of individual cells over time. Recent approaches have resulted in the development of methods to accurately determine and track the cell cycle phase of individual cells and to combine this information with other cel lular features assessed by imaging, such as localization of a protein or morphological changes of organelles and cells. Most of these methodologies involve selective labeling of replicating cells [5] [6] [7] [8] [9] [10] [11] [12] [13] , staining with specific cell cycle markers [14] [15] [16] [17] [18] or expression of cell cycle phase-specific reporters [19] [20] [21] . Although these methods have proven useful for the study of key aspects of cell cycle regula tion and coordination with other cellular functions such as DNA repair, senescence or apoptosis 22, 23 , they can only probe specific cell cycle stages, and thus combinatorial use of multiple methods is required to probe a given process comprehensively throughout the entire cell cycle. In addition, these methods are not often easily compatible with each other, as they require spectrally overlapping fluorophores or interfering detection conditions. Similarly, the use of multiple reporters is laborious, carries the risk of artifacts owing to the required engineering and selection procedures, and decreases the availability of nonoverlapping regions of the spec trum that can be used for the concomitant visualization of other cellular features by imagingbased techniques.
Overview of the procedure
We present here a protocol for determining the cell cycle stage of all individual cells in a population by measuring their DNA con tent by fluorescence microscopy (Fig. 1) . The approach is based on the accurate, image analysis-based quantification of the inte grated nuclear intensity of cells stained with the DNAbinding dye DAPI 24 , and does not require genetic engineering to introduce markers or prior knowledge of cell cycle-specific markers. The protocol describes in detail the plating of cells ( Step 1) and the fixation and staining of cells with DAPI (Step 2). We outline two fluorescence microscopy protocols to acquire images of stained nuclei using either a highcontent confocal microscope system (Step 3A) or a standard widefield microscope (Step 3B). Automated pipelines for image analysis and the derivation of DNA content histograms representing cell cycle staging data using dedi cated scripts are described for both imaging modalities (Step 4 and Fig. 1 ). The population of cells within each cell cycle phase (G1, S, G2/M) can be defined by applying thresholds on the inte grated DAPI intensity or by modeling of the produced histograms using cell cycle analysis software (Fig. 1) . We have successfully used this protocol to analyze the effect of cell cycle stage on the formation of chromosome translocations in living cells 25 .
four decades substantially increased our analytical capabilities to understand cell cycle effects, and it has been used as the gold standard tool for cell cycle analysis 4, 27 . This method relies on cells being labeled with a fluorochrome that stains DNA quantitatively and thus accurately reports the DNA content 28 . The develop ment of powerful laserscanning cytometry instrumentation in the mid1990s (ref. 29) has further improved flow cytometry resolution and allowed multiparametric DNA ploidy studies to be conducted in combination with cytogenetics, providing a tool that has been widely used in cytopathology and cyto diagnostics [30] [31] [32] . Despite their documented strengths, these methodologies require specific instrumentation and are limited in their ability to pair the cell cycle status of individual cells with subcellular morphological features that require detection by highresolution imaging.
By using a rationale similar to that of laserscanning cytology, the protocol described here outlines the steps for the quantita tive derivation of the cell cycle status of single cells by measuring the integrated intensity of nuclear DNA staining by fluorescence imaging (Fig. 1) . This strategy provides information about the stage of individual cells, and it can be used to assess the changes of populationbased cell cycle profiles in response to various treatments and over time. By using a similar methodology, DNA content analysis by quantifying Hoechst nuclear staining has pre viously been used to assess the cell cycle perturbations induced by HSP90 inhibitors in various cancer cell lines 33 . As an imaging based method, it can be easily coupled with highcontent and highthroughput data sets, and it can be used to generate quan titative, fully automated and unbiased cell cycle distributions.
As an example, a highcontent, highthroughput shRNAbased screen identified novel modulators of the DNA damage response (DDR) by assessing, among other parameters, the cell cycle dis tribution of the transduced cells as derived by the quantifica tion of nuclear staining by Hoechst 34 . Importantly, the ability of such imagingbased methods to probe the cell cycle phase of individual cells and to correlate it with the subcellular localization or the expression levels of multiple DNA loci or proteins tagged with different fluorescent markers, either by FISH or antibody detection, opens up new avenues for spatiotemporal modeling of cell cycle-regulated processes. In a cellbased system for visual izing chromosome damage and translocations, this approach was recently combined with antibody staining and highthroughput imaging to assess the pairing frequency of chromosome breaks within different cell cycle populations 25 .
In the procedure described here, the cell line of interest is stained with the DNAbinding dye DAPI, and the acquired images are quantified by automated image analysis to calculate the integrated nuclear intensity of each cell to obtain DNA content histograms (Fig. 1) . However, the protocol can be adapted to any other DNA staining dye that quantitatively binds DNA, such as the Hoechst dyes 10, 28 or DRAQ5 (ref. 35) . As many dyes are cellpermeant, no permeabilization step is required. Moreover, the reported com patibility with living cells of some dyes, such as DRAQ5, makes this dye suitable for use of this method in livecell experiments 36 . However, as prolonged incubation with DRAQ5 has been shown to block cell cycle progression and to interfere with several chromatinassociated processes, this dye should be cautiously used only for shortduration livecell experiments 37, 38 . Figure 1 | Overview of the protocol. Cells of interest are plated in imaging plates or on coverslips compatible for high-throughput confocal or standard wide-field fluorescence microscopy, and the cells are fixed and nuclei are stained with DAPI. When high-throughput confocal microscopy is used (e.g., Opera, Steps 1A-5A), images of stained cells are acquired in 3D, and automated image analysis is used to calculate the averaged DAPI integrated intensity for each cell with single-cell resolution (Acapella software). When wide-field fluorescence microscopy is used (e.g., Deltavision, Steps 1B-5B), single images of the stained cells are acquired and automated image analysis measures the integrated DAPI staining intensity (CellProfiler). In both pipelines, the histograms of DNA content in the cell population are then calculated to generate cell cycle profiles (using R), and cells in the different cell cycle phases are identified by applying visually selected cutoffs. Alternatively, cell cycle modeling (using FCS Express 5 software) can be used to automatically calculate the percentages of cells within the different phases. This protocol allows staging of individual cells, as well as the generation of population-based cell cycle profiles.
Limitations of the approach
The protocol relies on the accurate segmentation of nuclei for DNA content quantification. Therefore, this method is not appli cable when nuclei segmentation is inaccurate, as, for instance, has been shown for segmentation procedures in tissue sections stained with DNA dyes 39 . Moreover, although cells in early stages of mitosis are accurately classified into the G2/M population, latestage mitotic cells (e.g., during anaphase and telophase) are falsely included in the G1 peak, as they are recognized by the image analysis algorithm as separate objects. This leads to a generally smaller G2/M population in imagingbased cell cycle analysis compared with traditional flow cytometry. In addition, owing to the dilution of the dye in dividing cells, the method is not compatible with livecell experiments of cells transvers ing through mitosis. As a consequence, when analysis of the mitotic population is needed, the use of the DNA content analysis in combination with other mitotic morphological features or mitosisspecific markers 40 is highly recommended.
Comparison with other methods
Other imagingbased methods for assessing the cell cycle status of individual cells include metabolic labeling procedures that probe cells transversing Sphase [5] [6] [7] [8] [9] [10] [11] [12] [13] , staining methods that use specific cell cycle markers such as cyclin A, proliferating cell nuclear anti gen (PCNA) or Cdt1 (refs. 14-18), or they involve the generation of cellular systems that stably express various cell cycle phasespecific reporters [19] [20] [21] . In contrast to the protocol described here, these methods are able to probe only specific stages of the cell cycle. For example, immunolabeling after incorporation of modified DNA precursors such as the nucleotide analog BrdU, chlorodeoxyuridine (CldU) or iododeoxyuridine (IdU) 5, 13, 41 , or detection of incorporation of 5ethynyl2′deoxyuridine using 'click chemistry' that does not require fixation or denatura tion 7, 8 , (a) Images of cells stained with DAPI are acquired in 3D using a high-throughput confocal microscope (e.g., Opera), and automated image analysis (e.g., Acapella) is used to first generate an average image projection in the z-plane of the stack and then to segment the nuclei based on the projected DAPI image (left), to exclude identified nuclei at the image borders (middle) and to finally calculate the integrated nuclear intensity of DAPI per nucleus (right). Scale bar, 10 µm. microscopy or widefield microscopy is chosen for fluorescence imaging, the cells of interest are either plated in 384well imaging plates or on coverslips, respec tively. Regardless of the imaging modality, cells are fixed with 4% (vol/vol) parafor maldehyde (PFA) and permeabilized with 0.3% (vol/vol) Triton X100 to allow the uptake of the cellimpermeable DNA labe ling dye DAPI. In addition to DAPI, other cellpermeant DNA counterstains such as Hoechst dyes 10 or DRAQ5 (ref. 35) can be used without the need for permeabiliza tion after fixation. Plating at subconflu ency is required for optimal fluorescence microscopy; for NIH3T3 cells 25 , the optimal density is ~3,000 cells per well of a 384well plate. As precision in quantifying the DNA content of individual cells is crucial to the success of the protocol, optimization of nuclei staining conditions, so as to obtain robust but not satu rated staining signals, using the DNA dye of choice in the desired cell type is highly recommended.
Fluorescence microscopy and image analysis. Image acquisition by fluorescence microscopy of the stained nuclei, and the subse quent quantification of their DNA content by automated image analysis, are integral parts of this protocol. To achieve this in both highthroughput and lowthroughput settings, we developed two protocols to acquire and quantify images of the DAPIstained cells with either a highthroughput confocal imaging system or with a standard fluorescence microscope. The first protocol uses a Nipkow spinningdisk confocal Opera QEHS imaging system (PerkinElmer), which is equipped with a 405nm laser for the excitation of the fluorescent dye and using a 20× 0.7numerical aperture (NA) waterobjective lens 25 . Owing to the system's confocality and the high NA of the lens, and as mitotic cells are commonly found further away from the coverslip or dish bot tom compared with interphase cells (Supplementary Fig. 1a,b) , the acquisition of multiple images in different planes along the z axis (stacks) is required ( Supplementary Fig. 1 ). The optimal number and spacing of the imaging planes can vary accord ing to the NA of the objective lens and according to the cell line in use. As described in this protocol, when a 20× 0.7NA water objective is used, three imaging planes 7 µm apart are sufficient to capture the fluorescence signals from all cycling cells (including cells in mitosis; Fig. 2 and Supplementary  Fig. 1 ), whereas a higher number of nonoverlapping imaging planes is required when higherNA and highermagnification objectives are used. For example, we have successfully implemented this protocol with a 40× NA 0.9 waterimmersion objective and seven optical sections each separated by 2 µm in the z axis 25 .
As a second option, we outline a protocol for a standard widefield fluorescence microscope (e.g., Deltavision, Applied Precision) equipped with a UV light source for the excitation of the DNA dye and a 10× 0.4NA air objective. This configuration allows the quantification of DAPIstained cells and the derivation of cell cycle profiles by acquiring single DAPI staining images without the need for the image acquisition of z stacks (Fig. 3) . Moreover, other confocal microscopes or epifluorescence micro scopes are entirely appropriate to achieve similar results 33, 34 . To obtain cell cycle profiles with discrete populations of G1, S and G2/M cells, the quantification of the DNA content of a minimum of 500 cells is necessary (Supplementary Fig. 2 ). This number of cells can easily be obtained by imaging ~10 fields of view using a 20× objective lens. Higher numbers of images and cells yield smoother, more accurate cell cycle profiles (Supplementary Fig. 2 ). As our method requires the accurate quantification of a cell's DNA content, it is crucial to obtain images in which the emitted fluorescence falls within the dynamic range of the detection, and thus parameters related to optimal staining, lightsource intensity and exposure are important.
To calculate the DNA content of individual nuclei, the inte grated intensity of the nuclear DAPI signal is measured in both approaches by image analysis. For the highthroughputmicroscopy pipeline, we provide an automated image analysis script written for the PerkinElmer 'Acapella' highcontent image analysis software. The script first gathers a stack of images in the same channel and field of view and generates an average projection in z of all the images in the stack. As a sec ond step, nuclei are segmented on the basis of the projected DAPI image. In addition, nuclei touching the image border are fil tered out. Finally, the script calculates the DAPI integrated intensity in the nucleus on a singlecell basis (Fig. 2a) . The image analysis script is fast (ten fields in <5 s) and the nuclei detection parameters can be easily adjusted for optimal detection in different cell lines. The cell level data are then exported as multiple text files (.txt; one for each analyzed microplate well) in which the averaged integrated nuclear DAPI intensity of every individual imaged cell per well is provided in a single column within the file ( Supplementary Fig. 3 , attribute 'Z_IntegratedDapiInt').
For the widefield microscopy option, we provide two image analysis pipelines for the opensource image analysis software CellProfiler 48 . The first CellProfiler pipeline uses all the images in the DAPI channel to generate a single illumination func tion, which is then used to correct for systematic illumination biases specific to the microscope used for image acquisition. The second CellProfiler pipeline segments the DAPIstained nuclei, excludes the cells at the border of the images and cal culates the DAPI integrated intensity at the singlecell level (Attribute 'Intensity_IntegratedIntensity_DAPICorr'). By using our computing platform (see Equipment Setup), this image analysis pipeline is able to analyze 50 images in ~1.5 min. The illumination correction step before the actual nuclei segmentation and DAPI fluorescence intensity quantification is highly recommended, as inconsistencies owing to illumina tion variability across the image fields may affect accuracy in the intensity measurements that is essential for the correct determination of the cell cycle status 48 .
Both image analysis routines (Acapella and CellProfiler) offer the option to save image overlays of the DAPI integrated intensity values together with the nuclear segmentation border of each individual cell (Figs 2a and 3a, and Step 4A(iv) and 4B(xi), for options A and B, respectively). On the basis of the DAPI inte grated intensity values that define distinct cell cycle phases, as obtained by setting gates on the cell cycle histograms in the fol lowing protocol steps, these overlays can be used to track back the cell cycle status of each individual cell. In addition, the singlecell values for the DAPI integrated intensity attribute are stored in the .txt result files. Once the DAPI integrated intensity values for cell cycle gating have been empirically set, a particular cell can be assigned to the appropriate phase of the cell cycle according to its DAPI integrated intensity value. Although this protocol obviously cannot provide a strategy for every possible highcontent image analysis, the approach suggested above can be used as a starting point and guideline to correlate other image analysis attributes (e.g., fluorescence intensity of a marker, cell size, cell shape and so on) with the cell cycle status at the singlecell level. (Fig. 3b) . Visually selected discrete cutoffs of the distinct cell cycle phases are used to calculate the percentages of cells within G1, S and G2/M phases using the R software (left). Alternatively, the single-cell DAPI integrated intensity values obtained with CellProfiler were loaded into FCS Express plus (version 5) for DNA cell cycle modeling via the Multicycle, AV plug-in (right). Data were modeled according to the default autofit settings to automatically calculate the percentages of cells within G1, S and G2/M phases, while taking into account cells transitioning between cell cycle phases. 
can be used for this protocol. Here we have used a highthroughput confocal imaging system (Opera, PerkinElmer) or a standard widefield fluorescence microscope (Deltavision, Applied Precision), as described below. Opera high-content screening system Each PerkinElmer Opera highcontent imaging system is configured by the manufacturer to suit specific customer requirements, and it is operated by the Opera Evoshell 1.8.1 software. The system used in developing these protocols is equipped with four diode lasers for sample illumination (405, 488, 561 and 640 nm) and with four highquantumefficiency cooled CCD cameras for simultaneous acquisition of multiple fluorescence channels. These cameras are located in the light path behind the Nipkow spinningdisk unit, and they provide confocality for the captured digital image data. A 'flat field' illumination correction process that takes advantage of an Opera Adjustment plate provided by PerkinElmer is implemented in Acapella and applied to all images acquired by the Opera system. This is essential for accurate 'per cell intensity measurements'. If another type of highthroughputimaging instrument is used, the illumination uniformity across the individual fields should be carefully evaluated. A dedicated highspeed laser autofocus system determines the physical position of the bottom of the microplate before capture of each image field on the Opera. Inconsistencies in autofocus performance could also cause issues with the accuracy of 'per cell measurements'. Therefore, autofocus reproducibility should be experimentally confirmed.
Deltavision microscope (Applied Precision) In
Step 3B, stained cells were imaged using a microscope (IX70; Olympus) controlled by a Deltavision System (Applied Precision) with SoftWoRx 3.5.1 software (Applied Precision) and fitted with a CCD camera (CoolSnap; Photometrics). We used a 10× 0.4NA air objective, and images were acquired at a 1,024 × 1,024 pixel resolution, with a pixel size equivalent to 0.647 µm in x and y.
Computer used for image analysis Image analysis using Acapella (version 2.0, PerkinElmer) was performed on a custombuilt 'workstation class system' , consisting of an Intel 5400 chipset motherboard with dual
LGA 771 CPU sockets housing two Xeon processors (each processor unit containing four physical computational cores). The system used a 32bit Windows XP operating system, resulting in a maximal addressable system memory of ~3.2 GB (DDR2, 800 MHz frequency). . 2) .  crItIcal step When plating in the imaging plate, it is recommended to leave the plate at RT for at least a half-hour after seeding to avoid swirls and deposition of cells at the edge of the well.  crItIcal step DAPI is pH-sensitive, so storage in PBS or changes in pH by experimental treatments may affect the results of the measurements.  crItIcal step Level the coverslip on the slide by applying gentle force by using the forceps to ensure that all cells are in focus when acquiring images during Step 3B.
Microscopy • tIMInG 1-2 h 3| Follow
Step 3A to perform high-throughput confocal microscopy on cells prepared as described in Step 2A. Follow
Step 3B to perform wide-field microscopy on cells prepared as described in Step 2B. ? trouBlesHootInG (ix) Create the plate layout marking the desired wells that you want to image. Open the NAVIGATE tree, right-click on the experimental folder and select CREATE LAYOUT. Follow the 'layout wizard' to select the desired wells and click FINISH. Similarly, create the well sublayout by selecting CREATE SUBLAYOUT in the NAVIGATE tree and select the number and locations of the fields per well that will be acquired. For a typical experiment, imaging of a minimum of ten fields (~500 cells) is required, but a higher number of cells will provide smoother cell cycle profiles and is recommended (supplementary Fig. 2) . (x) Click on CREATE STACK in the NAVIGATE tree to define the number and the interval of the acquired z-stacks. Choose three z-stacks that are 7 µm apart (+7 µm from the middle plane, as defined in Step 3A(vii), 0 µm from the middle plane and −7 µm from the middle plane); see also supplementary Figure 1 .  crItIcal step During the z-stack definition, ensure that cells in mitosis, which are typically visualized in the upper focal plane, are also included (supplementary Fig. 1 ).
(xi) Under the EXPERIMENTAL DEFINITION tab, drag and drop all the experimental conditions (optics correction files, exposure parameters, plate layout, sublayout and stack definition), defined in Step 3A(viii-x), and save them by right-clicking on the experimental folder and selecting 'save current: Experiment' . (xii) In the AUTOMATIC EXPERIMENT tab, drag and drop the saved experiment file in the 'Experiment' marked yellow area.
In the Barcode area, include the name of the current experiment. (xiii) Press 'start' to initiate the imaging process. The OPERA imaging system saves acquired images in the ' .flex' format.
Save these files in a directory accessible to the Acapella software. set (NumberOfPlanes=3) set (lastzplane=3) set (firstzplane=1) set (StartField=1) set(EndField=9) (iii) Select the 'Acapella Player' tab and drag and drop the script containing the parameters: 'Script_Parameters.mpr' .  crItIcal step The provided nuclei detection parameters have been optimized for NIH3T3 mouse cells. Optimize the nuclei detection parameters for the cell line of interest by changing the parameters on the 'Acapella player window' and by visually inspecting the detection outcome. (iv) Under the 'Acapella Player' window, check the 'Store Nuclear Intensity overlay image' box if you wish to save all the analyzed images (under the directory: C:\temp) with overlays of the integrated intensity values with the nuclear segmentation of each individual cell (Fig. 2a, right panel) . These overlays can then be used to track back the cell cycle status of each individual cell, on the basis of the values of the integrated DAPI intensity that define distinct cell cycle phases (as will be obtained by setting gates on the cell cycle histograms in Step 5A(ix)).
for this module. Skip the 'Groups' module. Select the 'Names and Types' module and press the 'update' button on the 'Module Settings' window to verify that all images are loaded properly.  crItIcal step The 'CellCycleAnalysis.cpproj' pipeline assumes the presence of one channel (DAPI) per .dv image.
In case of multichannel images, or of images in other formats, the parameters of the Metadata' 'Names and Types' and 'Groups' modules will need to be set according to the file format, number and identity of channels and so on. For details please refer to the official CellProfiler documentation. (ix) Select 'CorrectIlluminationApply' under the 'Analysis Module' window.
 crItIcal step If 'Background' was selected as the correction method in the 'IlluminationCorrection.cpproj' pipeline, make sure that the illumination function is applied using the 'Subtract' method. For details on the 'CorrectIlluminationApply' module parameters choices, please refer to the original CellProfiler documentation. (x) Select the 'IdentifyPrimaryObjects' module that is used to segment nuclei using the DAPI image. The original parameters in this module were chosen on the basis of the test image data set provided as supplementary Data and, if needed, represent a starting point for further optimization. Please change the 'IdentifyPrimaryObjects' parameters to suit the DAPI images to be analyzed. For details, please refer to the CellProfiler documentation.
? trouBlesHootInG (xi) Ensure that the 'MeasureObjectIntensity', 'MeasureObjectSizeShape', 'OverlayOutlines', 'DisplayDataOnImage' and 'SaveImages' are checked. These modules will measure the DAPI intensity and nuclear morphological parameters. In addition, they will generate overlay images of both the nucleus border outline and of the single-cell integrated DAPI intensity values (Fig. 3a) . These overlays can then be used to track back the cell cycle status of each individual cell on the basis of the values of the integrated DAPI intensity that define distinct cell cycle phases (as obtained by setting gates on the cell cycle histograms in
Step 5B(x)). These images can also be useful during postanalysis to verify the nuclear segmentation process on several imaging fields. If the image data set is too large, or if there is no need to save the nuclear border overlay images, uncheck the box by 'SaveImages' in the 'Analysis modules' menu. (xii) In 'View output settings', select the output directory as the previously created 'CP2_CellCycle_Output' folder. (xiii) Press 'Analyze Images' . At the end of the run, the 'CP2_CellCycle_Output' folder will contain, among other files, a 'Nuclei.txt' file containing the single-cell results from the CP2 analysis. Each row of the table included in the 'Nuclei.txt' file corresponds to a single nucleus, and each column represents either categorical or numerical attributes generated by the CP2 analysis. The column named 'Metadata_FileLocation' includes the full path and name of the image from which the analyzed nucleus comes from, and the column named 'Intensity_IntegratedIntensity_DAPICorr' includes the values of the corrected DAPI integrated intensity for each cell.
(x) On the basis of visual inspection of the generated DAPI integrated intensity histogram profiles ( Step 5B(viii)), set, on lines 103-105, the minimum (first value between the parentheses) and the maximum (second value between the parentheses) integrated DAPI intensity values that define the gates for classification of nuclei in the G1, S or G2/M phases of the cell cycle. (xi) Save the R script. Copy lines 100-131 of the script and paste them at the prompt in the RStudio console window. (xii) Press 'enter' . The R code should not give errors, and it should generate a file named 'CellCycle_Percentages_table.txt' that contains the calculated percentages of nuclei belonging to the G1, S or G2/M of the cell cycle, on a per-treatment basis. The script also generates an additional table ('CellCycle_BinnedFrequencies_table.txt') that contains bin labels and bin counts to be optionally used to generate histogram plots with alternative statistical software packages. Both the .txt results files can be found in the 'R_Output' subdirectory.
? trouBlesHootInG Troubleshooting advice can be found in table 1. 
4A(v)
The projections of the stained nuclei, as they appear in the 'Acapella player' window when the script is running, show 'ghost' nuclei that seem to belong to different fields
The number of planes in z (z-stacks) and the acquired number of fields per well do not correspond to the numbers in the image analysis script (Step 4A(ii))
Insert the correct numbers of planes used in z, the last and first plane in z and the first and last field acquired per well, as shown in the example in Step 4A(ii)
The R script generates an error Not all required R packages have been installed
Make sure that the R packages required by the 'CellCycleHistograms_Acapella.R'(Step 5A) or by the 'CellCycleHistograms_CP2.R' (
Step 5B) scripts are part of the local R library on the computer that is being used to run the script. If this is not the case, run the command install. packages(c('data.table','ggplot2','stringr', 'plyr')) at the R prompt in the console window in RStudio only before the first time that the script is run. For details on how to install R packages, consult the official online R documentation (http://cran. r-project.org/)
The working directory has not been set appropriately Set the working directory and make sure that it contains all the required folders and files (as detailed in Steps 4A(vii) and 5A(i) or 4B(xiii) and 5B(i), respectively).
The produced histogram is either not centered in the plot or the cell cycle profile is not well resolved
The bin width and the maximum value of the produced histogram are not optimal
Step 5A: On line 48 of the R script, increase the maximum value of the produced histogram (Step 5A(iii)) and/or modify the bin width on line 51 ( Step 5A(iv))
Step 5B: On lines 36 and 39, change the maximum DAPI value (DAPI.max) and the bin width (DAPI.binwidth) variables ( Step 5B(iii)) (continued) • tIMInG For high-throughput confocal microscopy
Step 1A, plating of cells in multiwell imaging plates: 1 d
Step 2A, fixing and staining cells with DAPI: 1 h
Step 3A, high-throughput fluorescence microscopy: 1 h
Step 4A, image analysis to calculate the integrated intensity of the DAPI staining: 10 min
Step 5A, generation of cell cycle profiles and gating of cells into different phases of the cell cycle: 10 min For wide-field microscopy
Step 1B, plating of cells on coverslips: 1 d
Step 2B, fixing and staining cells with DAPI: 1 h
Step 3B, wide-field fluorescence microscopy: 2 h
Step 4B, image analysis to calculate the integrated intensity of the DAPI staining: 30 min
Step 5B, generation of cell cycle profiles and gating of cells into different phases of the cell cycle: 10 min antIcIpateD results By using this protocol, the cell cycle stage of individual cells can be determined by fluorescence microscopy. This method is based on the calculation of the DNA content by the routinely used nuclear counterstain DAPI, and thus it can be combined with other imaging-based methods of interest without additional modifications. It is anticipated that DNA content histograms, as routinely obtained by flow cytometry (Figs. 2 and 3) , are derived and used to define the population of cells within G1, S or G2/M cell cycle phases (Fig. 4 and supplementary Fig. 4) . The stage of the cell cycle of individual cells can be then be determined and correlated with other cell biological features of the same cells derived by a plethora of imaging-based methods such as immunofluorescence, FISH or live-cell imaging. autHor contrIButIons V.R., T.C.V. and G.P. developed the protocol; V.R wrote the manuscript; G.P edited the manuscript; and T.M. supervised the study and edited the manuscript.
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